In image-free navigation systems, cup orientation is determined in the pelvic coordinate by registration of bony landmarks. While the value of navigation relates primarily to the reliability and accuracy of cup placement, the reliability of registration plays a role in cup placement. We therefore examined intra-and intersurgeon variability in registration and the distance between registration points in each bony landmark. Thirty-seven THAs were performed in the lateral position and 15 THAs in the supine position. The cup was fixed using a navigation system. The registration was repeated two more times by operator and assistant, and the intra-and intersurgeon variability of cup abduction angle and anteversion was analyzed by ICC (intraclass correlation coefficients). In 25 hips, the distance between intrasurgeon registration points and between intersurgeon registration points in each landmark were calculated. The ICC in the lateral position ranged between 0.59 and 0.81, and between 0.85 and 0.95 in the supine position. The ICCs of cup abduction angle for the intraand intersurgeon variability were 0.92 and 0.95 for the supine position and 0.65 and 0.59 for the lateral position. Those of anteversion were 0.93, 0.85, and 0.81, 0.72, respectively. The variability in locating the ASIS in the lateral position was greater than that in the supine position. The variability of registration points depended on bony landmarks and patient position but the range of variability we found would not likely result in a large variability in cup placement.
Introduction
In total hip arthroplasty (THA), malposition of the cup restricts range of motion and is the most common cause of dislocation [1, 9, 16, 20, 25, 27] . The cup abduction angle reportedly affects polyethylene wear rates [3, 13, 26] and therefore affects the rates of revision surgery [19] . Hip navigation systems have been developed to assist surgeons in determining the location and orientation (angles) of the cup in pelvic coordinates. In image-free navigation systems, three bony landmarks (typically both anterior superior iliac spines and pubic symphysis) are registered intraoperatively by manual palpation. Pelvic coordinates are based on the frontal pelvic plane defined by these bony landmarks, and the orientation of the cup is expressed in the pelvic coordinates. One of the limitations in an imagefree navigation system is the variability in registration of bony landmarks since the bony landmarks are not distinct points but rather areas palpated through sheets, skin, and subcutaneous fat tissue [17, 24] . If the registration of bony landmarks is inaccurate, the final orientation of the cup determined by the navigation system will also be inaccurate. Thus, the variability of registration affects the accuracy of navigation system [21, 28] .
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H. Ohashi (&), M. Matsuura, Y. Okamoto, Y. Okajima Department of Orthopaedic Surgery, Saiseikai Nakatsu Hospital, 2-10-39 Shibata, Kita-ku, Osaka 530-0012, Japan e-mail: LU7H-OOHS@asahi-net.or.jp mechanically guided implantation and navigated implantation [5, 7, 11, 22, 29, 30] and established when the cup was positioned within a presumed safe zone or when the deviations from the desired cup position occurred. Accuracy has been determined by comparing the intraoperative measurement by the navigation system to the postoperative measurement on plain radiograph or CT scan, assuming the radiograph or CT scan are gold standards [2, 6, 14, 18, 33] . The difference of the angles between what is known on the gold standard and what is discerned by the navigation system indicates the accuracy. In contrast, variability has not been frequently reported. Variability has been explored by comparing the variation of cup orientation from the desired range using manual methods compared to an initial group of navigation cases and subsequent group [21] .
Navigation based on preoperative CT images or intraoperative fluoroscopic images, or imageless techniques based on palpation of the landmarks reduces the number of outliers of cup position compared to conventional manual techniques [30] . CT-based navigation has advantages in terms of pelvic orientation, although image-free navigation is reportedly as reliable as CT-based navigation in positioning the acetabular component [11, 32] . However, reliable and accurate registration of bony landmarks is important for the accuracy in image-free navigation systems. The intra-and intersurgeon variability of registration points in each bony landmark will influence cup abduction angle and anteversion. If we know which bony landmark is more variable for registration, we should make an effort to obtain more reliable registration.
We therefore determined (1) the intra-and intersurgeon variability in registering landmarks with two surgical positions and (2) the distance between intrasurgeon registration points and the distance between intersurgeon registration points in each bony landmark.
Materials and Methods
We performed 37 THAs through a direct lateral approach in the lateral decubitus position and 15 through modified Smith-Petersen direct anterior approach in the supine position. Gender, age, and BMI were not different between two groups ( Table 1 ). The main indication for surgery of those hips operated in lateral decubitus position was osteoarthritis. The indications for direct anterior approach were limited to osteoarthritis of Crowe types 1 and 2, and the other etiologies without flexion contracture. The hips outside the indications for direct anterior approach were operated through direct lateral approach.
All surgery was performed by two experienced surgeons (HO and MM). We used the image-free OrthoPilot hip navigation system (B. Braun Aesculap, Tuttlingen, Germany) for cup positioning. The first registration was performed by the surgeon. The cup was fixed using the navigation system as usual, and the cup abduction angle and anteversion indicated on the navigation screen were recorded as Abduction-1 and Anteversion-1. Then, the assistant registered the bony landmarks, and the cup position angles were recalculated in reference to the second registration (Abduction-2, Anteversion-2). Finally, the surgeon again registered the bony landmarks, and the cup position angles were recalculated in reference to the third registration (Abduction-3, Anteversion-3). The difference of the angles indicated by the navigation system corresponded to the difference in registration, thus the intrasurgeon variability in registration was evaluated by comparing Abduction-1 to Abduction-3 and Anteversion-1 to Anteversion-3, and the intersurgeon variability was evaluated by comparing Abduction-2 to Abduction-3 and Anteversion-2 to Anteversion-3. Intra-and intersurgeon variability was determined by calculating by ICC (intraclass correlation coefficients).
In each registration, 3-D coordinates of the active infrared light-emitting tracker on the ilium, not in the pelvic coordinates, were established. From the data provided by the navigation system, each registration point and cup position were calculated and expressed in the 3-D coordinates from the correspondent registration. The distance between registration points was calculated in reference to the cup position, because the cup was not touched during second and third registration. Unfortunately, the registration data was deleted by the next registration data in the first 27 cases due to a technical error of the software. Thus, the registration points in three bony landmarks were calculated in the 25 cases that followed. Sixteen of these 25 hips were operated in the lateral decubitus position and nine in the supine position. The distance between registration points at first and third registration in each bony landmark was defined as the intrasurgeon distance of registration points and that between registration points at second and third registration was defined as the intersurgeon distance of registration points. The data obtained in the lateral decubitus position and in the supine position were analyzed with one-way factorial ANOVA test. SPSS version 16.0 software (SPSS, Chicago, Ill.) was used for statistical analysis.
Results
We observed no difference in average cup abduction angle and anteversion between surgeons in either the lateral decubitus position or the supine position ( Table 2 ). The ICC in the lateral decubitus position ranged between 0.59 and 0.81 and that in the supine position ranged between 0.85 and 0.95 ( Table 3 ). The ICCs of cup abduction angle for the intra-and intersurgeon variability for the supine position were higher than those for the lateral decubitus position. The ICCs of cup anteversion for the intrasurgeon variability were greater than those for the intersurgeon variability in both positions. There was no difference in the intra-and intersurgeon distance of registration points in each bony landmark in two surgical positions ( Table 4 ). The intra-and intersurgeon distance in collateral and contralateral ASIS were similar in the lateral decubitus position. The intra-and intersurgeon distance of registration points in collateral ASIS and the intrasurgeon distance of registration points in contralateral ASIS in the supine position were smaller than those in the lateral decubitus position. In the pubic symphysis, the intrasurgeon distance of registration points was smaller than intersurgeon distance, and the intra-and intersurgeon distance were not improved in the supine position.
Discussion
In image-free navigation systems, accuracy of cup position has been improved [11, 32] . However, the registration of bony landmarks is critical for the accuracy, and the variability of registration points in each bony landmark affects both cup abduction angle and anteversion. We firstly determined the intra-and intersurgeon variability in registration with two surgical positions. To know which bony landmark is more variable for registration is one strategy for improving accuracy. We secondly determined the distance between intrasurgeon registration points and the distance between intersurgeon registration points in each bony landmark.
One limitation of this study was that the indications for direct anterior approach and direct lateral approach were different and the deformity of hips operated through direct anterior approach was relatively mild. Despite the difference in severity of hip deformity and relatively low BMIs (which would influence the variability of registration [23] ) we found no difference between the two groups. Second, since the registration data obtained from the first 27 cases was missing, the sample size of the intra-and intersurgeon variability of distance between registration points was reduced. Third, the BMI in this series was low compared to that of European and American populations. Since the thick subcutaneous fat tissue makes registration difficult [17] , further study is necessary for obese patients. Fourth, the ranges of variability in registration will not greatly influence the actual cup position: one study reported a registration difference of 1 cm anterior to the bony landmark at the ipsilateral ASIS, contralateral ASIS, and the center of the two pubic tubercles resulted in 1.4°, 0.2°and À0.2°in abduction and 1.8°, 4.4°and À6.8°in anteversion, respectively [17] . Our data suggest the intra-and intersurgeon distance of registration points in collateral ASIS was less than 1 cm in supine position. While the intra-and intersurgeon distance of registration points were 5.4 cm and 3.2 cm, respectively, in our worst case, we had fortunately no outlier in our cases. Since the registration points in three bony landmarks were expressed in 3-D coordinates of the tracker in our study, the direction of the variability between registration points in the pelvic coordinates could not be calculated. If we can transform the coordinates of the tracker to the pelvic coordinates, the direction of the variability of registration might be evaluated. We found the ICCs of cup abduction angle for the intraand intersurgeon variability in the supine position were greater than those in the lateral decubitus position. The orientation of cups using an image-free navigation system has been reported and the abduction angle and anteversion were categorized in terms of surgical position (Table 5 ) [4, 8, 10-12, 21, 31] . Focusing on the range and the standard deviation of abduction angle and anteversion, abduction angle in the supine position indicated narrower range and smaller standard deviation. Taking these reported clinical results, the variability of registration was influenced by the surgical position.
Intra-and intersurgeon variability of registration has been reported in a cadaver study in the lateral position [28] . The difference among eight surgeons was substantial, perhaps owing to the fact that the eight surgeons (four consultants and four senior registers) had differing levels of experience with hip navigation. The variation of cup orientation was larger for anteversion than for abduction angle, and the intra-and interobserver variability in cup orientation was larger for anteversion than for inclination. We found the ICCs for the intra-and intersurgeon variability in lateral position were larger for anteversion than for abduction angle in our study. The patient positioner and surgical sheets for the operation might affect the registration in both ASIS. The other cadaver study was performed in supine position [24] . The authors reported acceptable intraobserver repeatability but acceptable interobserver analysis agreement only in the abduction angle and not in anteversion. These results were similar to our clinical results.
To overcome the variability of percutaneous manual palpation, the use of ultrasound is proposed as one solution. Ultrasound shows the shape of bony landmarks and the registration may then be performed on an ultrasound screen connected to the navigation system [15] . The deviation in registration is reportedly reduced [8, 15, 24] . Ultrasound, however, is still under development and limited to use in the supine position.
We found the ICCs of cup abduction angle and anteversion for the intra-and intersurgeon variability in the supine position were higher than those in the lateral decubitus position. Focusing on each bony landmark, the intra-and intersurgeon distance of registration points in collateral ASIS and the intrasurgeon distance in contralateral ASIS in the lateral position were reduced in the supine position, while the intra-and intersurgeon distance of registration points in pubic symphysis were not improved in the supine position. If the registration of bony landmarks is inaccurate, the final orientation of the cup determined by the navigation system will also be inaccurate. In image-free navigation systems, the registrations of pubic symphysis in the supine position and all bony landmarks in the lateral decubitus position need further improvement. 
